Abstract-A main drawback of Orthogonal Frequency Division Multiplexing (OFDM) systems is that they suffer from a high Peak-to-Average Power Ratio (PAPR) at the transmitted signal. We propose three different architectures of a PAPR reduction technique combining pilot symbols with constellation extension. These architectures make use of a metric-based amplitude predistortion algorithm for the constellation extension embedded with orthogonal pilot symbols. Since neither the constellation extension nor the orthogonal pilots degrade the Bit Error Rate (BER), then the combined architectures also guarantee system performance. The three proposals outperform the previous algorithms (SAP and OPS) in terms of PAPR reduction, due to adequately joining pilots symbols with constellation extension. Moreover, the three architectures are examined from a complexity point of view, yielding a comparison in terms of computational load, what is straightforwardly related to implementation energy efficiency.
I. INTRODUCTION
The high Peak-to-Average Power Ratio (PAPR) is one of the most serious problems of the transmitted signal in Orthogonal Frequency Division Multiplexing (OFDM). The large peaks are critical because to avoid in-band distortion, which increases Bit Error Rate (BER), and out-of-band radiation, which causes adjacent channel interference, a High-PowerAmplifier (HPA) must be backed-off well below its maximum saturation output power, due to the infrequent peaks, which results in low efficiency.
There are several proposals to deal with the PAPR problem in OFDM systems [1] , [2] . The simplest method is to deliberately clip the OFDM signal before amplification [3] , [4] . Clipping can reduce PAPR but this is a nonlinear process and may cause in-band distortion and out-of-band interference. Then, there are techniques that cause no distortion and create no out-of-band radiation such as Partial Transmit Sequences (PTS) [5] , Tone Reservation (TR) [6] and SeLected Mapping (SLM) [7] . However, these techniques may require the transmission of side information to the receiver, which reduces the transmission rate. Another type of PAPR reduction scheme is Active Constellation Extension (ACE) technique [8] , which tries to alter the outer constellation points, that are moved within the proper quarter-plane such as the PAPR is minimized, while no BER degradation is induced. This scheme does not require special processing at reception. However, in ACE scheme there is an increase of the energy per symbol and its computational burden is high because of an iterative constellation extension process. The computational burden is reduced with a recent metric-based algorithm named Simple Amplitude Predistortion (SAP) [9] , [10] . The metric of this method is defined to measure how much the input symbols contribute to the Inverse Discrete Fourier Transform (IDFT) output samples with large peaks. In SAP only a subset of symbols are amplitude predistorted (i.e. extended) with a constant scaling factor to avoid an exaggerated increase of the energy per symbol. On the other hand, Orthogonal Pilot Sequences (OPS) [11] is another approach, which inserts orthogonal pilot sequences in the input data to achieve PAPR reduction. Usually these pilot sequences are simultaneously employed in coherent OFDM channel estimation.
The idea of metric-based constellation extension embedded with pilot signaling was recently proposed in [12] . This means that SAP is aided by OPS method in order to outperform previous schemes. However, the combination of these methods lead to three different architectures of implementation, unlike the first architecture proposed in [12] . In this paper we compare these three different schemes in terms of PAPR reduction and complexity.
The rest of the paper is organized as follows. Section II briefly shows the OFDM signal model and PAPR definition problem. In Section III we present a review of SAP and OPS techniques. The three different architectures are proposed in Section IV. The analysis of complexity is exposed in Section V. In Section VI several simulation results are shown. Finally conclusions are drawn in Section VII.
II. THE OFDM SIGNAL MODEL
The OFDM signal is the sum of N independent signals modulated onto subchannels of equal bandwidth, which can be efficiently implemented by an IDFT operation. We denote
k=0 as the input data sequence, consisting of the frequency-domain complex symbols over kth subcarrier, k = {0, · · · , N − 1} to be transmitted in the th OFDM symbol. Then the time-domain signal s = {s [n]} N −1 n=0 is given by:
where k and n are the frequency and time indices respectively. The frequency-domain signal S = {S (k)} N −1 k=0 are independent, identically distributed (i.i.d.) random variables and due to the central limit theorem, a small percentage of output samples, will take very large magnitudes. This results in the well-known PAPR problem of OFDM systems. In general, the PAPR (χ) of the time-domain signal s = {s [n 
is mathematically defined as the ratio between the maximum instantaneous power and its average power [6] , that is:
where E{·} denotes expected value.
The most common way to evaluate the PAPR is to determine the probability that this PAPR exceeds a certain threshold χ 0 . This is represented by the Complementary Cumulative Distribution Function (CCDF) [13] , which is a random variable, as:
For convenience, we omit the use of superscript in the sequel.
III. CONVENTIONAL ALGORITHMS
As previously introduced, we describe here both techniques. In Sub-Section III-A, the metric-based constellation extension algorithm, denoted as Simple Amplitude Predistortion (SAP), is addressed. In Sub-Section III-B, the OPS technique is presented.
A. Simple Amplitude Predistortion (SAP)
The key of this method is to intelligently play with the outer constellation points such that the PAPR is minimized. In order to find the set of indices of the input data sequence that are moved within the proper quater-plane in the constellation, SAP employs a metric, defined mathematically in (4). This metric measures how much each frequency-domain symbol contributes to large peaks at the IDFT output. The frequencydomain symbols with the highest metric values are selected and predistorted with a constant scaling factor α.
where, f (n, k) = − cos(ϕ nk ) is a function which measures the phase angle (ϕ nk ) between the output sample s[n] and the contribution of symbol S(k), ω(n) = |s| p is a weighting function which gives more weight to the output samples with large magnitudes, p is a selected parameter, and S K is a set of size K whose elements are the indices of the output samples that are larger than a predetermined threshold value [9] . Then, the set of Γ symbols (with cardinality L = |Γ|) with greatest positive metric are predistorted with a scaling factor α > 1.
The size of the subset L and the value of the constant scaling factor α are chosen from a group of values suggested by the authors [9] and the alternatives are: L = 10 with α = 2, L = 26 with α = 1.55 and L = 40 with α = 1.3.
B. Orthogonal Pilot Sequences (OPS)
In an OFDM symbol with N subcarriers, a subset Υ of subcarriers will carry pilot symbols and thus, the input data sequence S is:
where X(k) and P (k) are data and pilot symbols respectively.
can be separated into two parts, as:
N kn (6) where x [n] and p [n] refer to the time-domain data and pilot signals, respectively. OPS technique [11] proposes the use of a predetermined set of M orthogonal pilot sequences of length N p (M ≤ N p ) in order to reduce complexity and avoid any side information, since blind detection is possible at the receiver due to the orthogonality condition.
The N p pilot symbols of each OFDM symbol can be collected in a N −length sequence denoted as P where, the kth element of this sequence is given by:
As stated before, a set of M pilot sequences are available so the alphabet of P is {P 1 , P 2 , · · · , P M }. Each pilot sequence of this finite set P m , m ∈ {1, 2, · · · , M} contains the frequency-domain pilot symbols at pilot positions while zeros are inserted in the remaining ones. These pilot sequences are orthogonal so then the ortoghonality conditions is fulfilled:
where ·, · denotes the inner product. In particular, if the well-known Walsh-Hadamard sequences are employed where
When implementing OPS, we can make use of time-domain processing to reduce complexity unlike OPS proposed in [11] . In this case, the orthogonal pilot sequences are previously generated in time-domain via IDFT-operation. They are stored and then used. Therefore, we avoid (M − 1) IDFT operations [12] .
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IV. PROPOSED ARCHITECTURES
We consider to reduce the PAPR the use of SAP technique aided by OPS. The combination of two algorithms (SAP and OPS) presents three different architectures of implementation. Two of these schemes are two-step architectures according to the order of the algorithms and we refer to them as scheme A (OPS-SAP), already introduced in [12] , and scheme B (SAP-OPS) respectively, and the third architecture, referred as scheme C, is a simultaneous procedure. Each proposed architecture is explained next by using block diagrams in which the main building blocks are SAP and OPS stages.
The benefits of these architectures are that, first, they outperform previous methods (SAP, OPS) in terms of PAPR reduction. Also, from an efficiency point of view, we can carry out the constellation extension in these schemes with less energy per complex symbol than in SAP, if we adequately use the smart pilots to get an energy efficient system.
The drawbacks of this joint procedure are: (1) it is only intended for coherent systems with pilot symbols, and (2) it implies a slight increase in complexity, compared to SAP alone, since low-complex OPS must be carried out. However, this additional computational burden is negligible since only a search over M sequences is performed.
A. Scheme A: OPS-SAP
The scheme A follows a two-step architecture that we show in Fig. 1 , presented in [12] . OPS technique in time-domain is carried out at the first step, this is, the time-domain orthogonal pilot sequences p m [n] , m ∈ {1, · · · , M} are appropriately inserted, to obtain the lowest PAPR from the available set. Then, compute the PAPR and if this PAPR is larger than a predetermined threshold B (this parameter can be taken as the value for which we obtain the greatest decrease on average PAPR), we apply SAP algorithm. This second step consists in calculating the metric and then the frequencydomain symbols with greater positive metric are amplitude predistorted with a constant scaling factor α. In this case, SAP algorithm is applied over both pilots and data symbols, allowing constellation extension of N complex symbols.
B. Scheme B: SAP-OPS
The next two-step architecture is shown in Fig. 2 . Once the IDFT operation of data input sequence x[n] = IDFT{X(k)} is fulfilled, the PAPR is calculated. This scheme B is applied whenever the PAPR of the data sequence is greater than a certain threshold B, and if this condition is true, SAP algorithm is executed at the first step. In this case SAP method is applied over (N − N p ) complex symbols since only data symbols are employed. Then, we carry out OPS technique namely the timedomain orthogonal pilot sequences p m [n], m ∈ {1, · · · M } are inserted in the constellation extended OFDM symbol. The OFDM symbol with the lower PAPR is selected to be transmitted.
C. Scheme C: Simultaneous
The architecture of scheme C is presented in Fig. 3 in which both SAP and OPS are carried out at the same time. In timedomain, the orthogonal pilots p m [n] , m ∈ {1, · · · , M} are inserted in their positions of the OFDM symbol. Then, for each M branch of OPS scheme, the PAPR is computed and if this PAPR of the OFDM symbol is larger than threshold B, SAP algorithm is processed, which is applied over both pilot and data symbols, allowing constellation extension of N complex symbols. Once the M branch are processed, the OFDM symbol with the lowest PAPR from the available set is selected to be transmitted. In this architecture, SAP algorithm is executed (M − 1) times more than in previous schemes.
V. ANALYSIS OF COMPLEXITY
The total number of operations required to process any PAPR reduction technique is directly related to the complexity. In order to determine the best of the three architectures, in terms of complexity, we analyze the number of operations that each proposed scheme employs.
At the transmitter, in each proposed architecture the SAP and OPS schemes are executed. Therefore, we need to determine the total number of operations in each method. On one hand, the operations in OPS step are M additions, M N-length maximum-value searches to find the PAPR in each sequence and a M -length minimum-index search to determine and select the pilot sequence with the lowest PAPR [12] . On the other hand, in SAP stage, the operations involve to calculate the metric that is proportional to KN and the update in timedomain samples is proportional to LN [9] . For Quadrature phase-shift keying (QPSK), the number of operations for the metric calculation are 7KN real multiplications, 3KN additions and N divisions and the number of operations for the sample update are 5LN real multiplications and (2L+1)N additions.
The number of operations to carry out the PAPR reduction process in each proposed scheme are presented in Table I . It is clearly observed that there are more operations in scheme C, due to the SAP algorithm is executed in each M branch of 
OPS, which means that the metric calculation and the sample time-domain update is carried out M times while in scheme A and B the SAP stage is executed only once. Scheme B employs (N − N p ) complex symbols in the first step because the pilot symbols have not been inserted yet, that is, the SAP procedure is performed over (N −N p ) complex data symbols to calculate the metric and update time-domain samples, which involves a less consumption of resources than scheme A, that applies SAP over N complex symbols.
VI. SIMULATION RESULTS
In this section, we present some simulations in order to analyze the performance and complexity (in terms of number of operations) of the proposed architectures. Computer simulations are evaluated by averaging over 10 4 randomly generated OFDM symbols with QPSK modulation for N = 64 and N = 256 subcarriers. The threshold B is fixed at 6 dB. In OPS step, every N f subcarriers a pilot symbol is inserted, i.e. 
A. Performance
For comparison purposes, we present several figures with the same parameters for each proposed architecture. In these figures we illustrate the performance in terms of CCDF. These three schemes are evaluated for different values of parameters and also compared to OPS and SAP alone. In all figures, the solid-line curve corresponds to the conventional OFDM signal without any PAPR reduction technique, the dashed line curve represents OPS technique, the dash-dot marked line curves represent SAP algorithm and the dotted marked line curves correspond to the proposed schemes.
Scheme A (OPS-SAP) is illustrated in Fig. 4 , 5 and 6. 8 (N f = 32)}. In Fig. 9 with N = 256 subcarriers the parameters in OPS stage are {M = N p , N p = 32 (N f = 8)}. We observe in these figures that the improvement of this scheme B is in the order of 0.8 dB at a probability of 10 −3 compared to SAP algorithm. Scheme C (Simultaneous) is depicted in Fig. 10, 11 and 12 for N = 64 and N = 256 subcarriers. Fig. 10 with N = 64 subcarriers, in OPS step the parameters that are used are {M = 8, N p = 8 (N f = 8)}. Fig. 11 for N = 256 with {M = 8, N p = 8 (N f = 32)}. Fig. 12 for N = 256 with {M = N p , N p = 32 (N f = 8)}. We observe in these figures that the improvement of proposed scheme (C) is in the order of 1.3 dB at probability of 10 −3 .
For comparison purposes in terms of performance, the schemes A, B and C are presented in Fig. 13 and 14 for N = 64 and N = 256 subcarriers respectively. These curves indicate that the performance of scheme C is slightly better compared to other ones. 
B. Complexity
The number of operations that schemes A, B and C employ are shown in Table II and III for N = 64 and N = 256 subcarriers, respectively. For the OFDM system with N = 64 subcarriers (Table II) , the different parameters for SAP and OPS stages are M = 8 with N p = 8 (N f = 8) and {α = 2, L = 10}. For the OFDM system with N = 256 subcarriers (Table III) Table II and III we can observe that scheme B (SAP-OPS) is the best in terms of complexity compared to other ones since it employs a lower number of operations. 
VII. CONCLUSION
One of the most serious problems in an OFDM system is the high Peak-to-Average Power Ratio (PAPR) of the transmitted signal. In this paper, we combat the PAPR problem of OFDM systems with the combination of pilot symbols with constellation extension. The combination of these techniques can present three different architectures of implementation, which depends on the position of the algorithms. Two of the schemes are two-step architectures and the third one is a simultaneous scheme. The main aim of our work is to propose the three new architectures and determine the most adequate to get a good performance with a lower complexity. We found that the scheme B (SAP-OPS) employs a lower number of operations to carry out the PAPR reduction process while the scheme C is slightly better in terms of performance compared to other ones. 
